Abstract. In this paper, three different types of economic fault current limiters (FCLs) are suggested to protect a high penetration microgrid. Related theoretical modeling and simulation analysis are carried out, and also the performance comparison of these economic FCLs to deal with short-circuit fault is conducted. At the end, aiming at each type of economic FCL, the relationship between its current-limiting ratio and production cost is determined, and it is helpful for the capacity design and future application of these economic FCLs in the high penetration microgrid.
Introduction
In recent years, more and more distributed generation (DG) units have been connected to the electric power systems, and the microgrid technology can be regarded as an efficient solution to make full use of DG [1] - [4] . In a sense, the development of high penetration microgrid has received increasing attention around the world, and it is critical to properly deal with the potential technology issues, in particular short-circuit faults. That is to say, an effective methodology should be introduced, so as to improve the security and stability of high penetration microgrid under the fault condition.
Based on a brief literature review, some scholars have proposed that using superconducting fault current limiter (SFCL) enables to protect the high penetration microgrid from short-circuit fault [5] - [7] , and herein the studies related to coordination control, parameter selection, conceptual design and simulation verification are performed. From the demonstrated results, some beneficial conclusions can be obtained.
As a matter of fact, economic fault current limiter (FCL) is another competitive countermeasure to handle the issues caused by short-circuit faults, and its application in the high penetration microgrid is worth to be explored.
In this paper, three different types of economic fault current limiters (FCLs) are selected to protect a high penetration microgrid, and these FCLs are MOA (Metal Oxide Arrester)-based FCL, series resonant type FCL, and hybrid type FCL, respectively. Related theoretical modeling and simulation analysis are carried out, and also the performance comparison of these economic FCLs to deal with the short-circuit fault in the microgrid is conducted. As shown in Figure 1 , it indicates the model of the MOA-based FCL. In normal condition, the MOA will show the high-resistance state, and herein the capacitance C, the inductances L 1 and L 2 can be completely compensated. Thus, the FCL will show the low-resistance state. In the case of a fault, the MOA will switch to the low-resistance state, and it is regarded as that the capacitance C is shortcircuited. Consequently, the inductances L 1 and L 2 will be connected in series with the system circuit to realize the current-limiting operation. As shown in Figure 2 , it indicates the series resonant type FCL based fast switch. Under normal condition, the switch K is under the open state, and the series resonance between the inductance L and the capacitance C can be achieved. So, the FCL cannot affect the system circuit. When the fault happens, the close state of the switch will be activated, and then the inductance L can play its current-limiting function. Figure 3 shows the model of the hybrid type FCL, which is composed of series resonant type current-limiting component and parallel resonant type current-limiting component. Since the application of different resonant types, the improvement of the current-limiting ability can be obtained. In addition, this suggested topological structure is helpful for suppressing the potential overvoltage. At the meanwhile, the additional device cost may be carefully taken into account. Figure 4 shows the model of a typical high penetration microgrid, which includes three inverterinterfaced DG units and two standard loads [7] . DG1 and DG2 are two PV generation units, and DG3 is a battery energy storage unit. Each of the economic FCL is designed to be installed at the PCC between the microgrid and the main network. When the fault occurs, the microgrid will contribute the fault current to the PCC, and the equations can be deduced by:
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(2) For that the economic FCL is used to deal with the fault, its current limiting impedance will be accessed in series with the PCC. Thus, the fault current from the microgrid to the PCC can be limited in principle.
Simulation Analysis
The aforementioned FCL and microgrid models are built in the MATLAB software, and the fault simulation analysis is performed as follows.
For the MOA-based FCL, L 1 + L 2 = 0.1H, C=1.014e-4F, and the protection voltage of the MOA is set as 7 kV. Figure 5 shows the impacts of the MOA-based FCL on the fault current of the microgrid, and it is calculated that the current-limiting ratio of the FCL is about 0.49. Note that, for the parameters of the MOA-based FCL are changeable, different current-limiting abilities will be reached, and also different capital costs will be obtained. From the current market price of related components, Table 1 shows the relationship between the MOA-based FCL's current-limiting inductance and capital cost. From Table 1 , it is found that, when the current-limiting ratio of the MOA-based FCL is under the range of [0.32, 0.42], it may offer the best economic performance, and the required average capital cost is the lowest.
For the series resonant type FCL, its current-limiting characteristics can be shown as Figure 6 (in this case, the inductance is set as 0.04 H). In a similar way, the relationship between the series resonant type FCL's current-limiting inductance and capital cost is indicated as Table 2 . It is observed that, when the current-limiting ratio of the series resonant type FCL is under the range of [0.41, 0.61], it may offer the best economic performance, and the required average capital cost is the lowest. For the hybrid type FCL, its current-limiting characteristics can be shown as Figure 7 (the inductance is set as 0.1 H). For this case, the fault current can be limited within the level of 261 A, and in contrast, the fault current without FCL will increase to the level of 683 A. In addition, the relationship between the hybrid type FCL's current-limiting inductance and capital cost is indicated as Table 3 . In the event of that the current-limiting ratio is among the range of [0.62, 0.81], the best economic performance can be obtained. Based on the aforementioned data, Figure 8 shows the comparison of the three economic FCLs for the microgrid. On the whole, the capital cost of the series resonant type FCL is lower than that of another two FCLs, and also it can provide a great current-limiting effect. Considering that the series resonant type FCL has a simple structure configuration, and it may be more preferable and suitable for the high penetration microgrid.
Conclusions
In this paper, the MOA-based FCL, series resonant type FCL, and hybrid type FCL are selected to protect a high penetration microgrid from short-circuit fault. The current-limiting effects of these economic FCLs are analyzed. From the simulation results, all of the suggested FCLs can effectively suppress the fault current and improve the robustness of the microgrid. Furthermore, in regards to each type of the economic FCL, the relationship between its current-limiting inductance and capital cost is investigated. It is found that, the capital cost of the series resonant type FCL is lower than that of another two FCLs, and since this kind of FCL has a simple structure configuration, it may be more preferable for the high penetration microgrid. It is expected that the conclusions can lay a good foundation to promote the future application of the economic FCL.
